Excitatory amino acid transporters (EAATs) located on neurons and glia are responsible for limiting extracellular glutamate concentrations, but specific contributions made by neuronal and glial EAATs have not been determined. At climbing fiber to Purkinje cell (PC) synapses in cerebellum, a fraction of released glutamate is rapidly bound and inactivated by neuronal EAATs located on postsynaptic PCs. Because transport involves a stoichiometric movement of ions and is electrogenic, postsynaptic currents mediated by EAATs should permit precise calculation of the amount of postsynaptic glutamate uptake. However, this is possible only if a stoichiometric EAAT current can be isolated from all other contaminating signals. We used synaptic stimulation and photolysis of caged glutamate to characterize the current in PCs that is resistant to high concentrations of glutamate receptor antagonists. Some of this response is inhibited by the high-affinity EAAT antagonist TBOA (DL-threo-␤-benzyloxyaspartic acid), whereas the remaining current shows properties inconsistent with glutamate transport. By subtracting this residual non-EAAT current from the response recorded in glutamate receptor antagonists, we have obtained an estimate of postsynaptic uptake near physiological temperature. Analysis of such synaptic EAAT currents suggests that, on average, postsynaptic EAATs take up Ϸ1,300,000 glutamate molecules in response to a single climbing fiber action potential. E xtracellular neurotransmitter concentrations in the central nervous system are regulated by highly specific systems of reuptake that rapidly bind and quickly move neurotransmitters across membranes. Neurotransmitter reuptake facilitates chemical synaptic transmission by limiting receptor activation and by recycling released neurotransmitter molecules. In the case of glutamate, the primary excitatory neurotransmitter of the central nervous system, uniquely localized excitatory amino acid transporters (EAATs), influence both ionotropic (1-5) and metabotropic glutamate receptor (GluR) (6 -9) activation. EAATs on glial (10-12) and neuronal (12-14) processes accomplish this task by relying on the Na ϩ and K ϩ electrochemical gradients to move glutamate against its own large concentration gradient.
Excitatory amino acid transporters (EAATs) located on neurons and glia are responsible for limiting extracellular glutamate concentrations, but specific contributions made by neuronal and glial EAATs have not been determined. At climbing fiber to Purkinje cell (PC) synapses in cerebellum, a fraction of released glutamate is rapidly bound and inactivated by neuronal EAATs located on postsynaptic PCs. Because transport involves a stoichiometric movement of ions and is electrogenic, postsynaptic currents mediated by EAATs should permit precise calculation of the amount of postsynaptic glutamate uptake. However, this is possible only if a stoichiometric EAAT current can be isolated from all other contaminating signals. We used synaptic stimulation and photolysis of caged glutamate to characterize the current in PCs that is resistant to high concentrations of glutamate receptor antagonists. Some of this response is inhibited by the high-affinity EAAT antagonist TBOA (DL-threo-␤-benzyloxyaspartic acid), whereas the remaining current shows properties inconsistent with glutamate transport. By subtracting this residual non-EAAT current from the response recorded in glutamate receptor antagonists, we have obtained an estimate of postsynaptic uptake near physiological temperature. Analysis of such synaptic EAAT currents suggests that, on average, postsynaptic EAATs take up Ϸ1,300,000 glutamate molecules in response to a single climbing fiber action potential. E xtracellular neurotransmitter concentrations in the central nervous system are regulated by highly specific systems of reuptake that rapidly bind and quickly move neurotransmitters across membranes. Neurotransmitter reuptake facilitates chemical synaptic transmission by limiting receptor activation and by recycling released neurotransmitter molecules. In the case of glutamate, the primary excitatory neurotransmitter of the central nervous system, uniquely localized excitatory amino acid transporters (EAATs), influence both ionotropic (1) (2) (3) (4) (5) and metabotropic glutamate receptor (GluR) (6 -9) activation. EAATs on glial (10) (11) (12) and neuronal (12) (13) (14) processes accomplish this task by relying on the Na ϩ and K ϩ electrochemical gradients to move glutamate against its own large concentration gradient.
A single cycle of transport is estimated to take tens of milliseconds (15) (16) (17) (18) (19) (20) and is accompanied by the cotransport of 3 Na . Such stoichiometry results in a net inward movement of two charges per cycle, meaning that glutamate transport is electrogenic. In addition to these stoichiometric fluxes, EAATs become permeable to anions at specific points during the transport cycle (16-19, 23, 24) . Under conditions in which anion flux through EAATs is minimized, stoichiometric currents can be used to estimate glutamate flux by taking advantage of the fact that the number of glutamate molecules transported is equal to half the net movement of elementary charges.
In an effort to determine the amount of neuronal glutamate uptake, previous studies have recorded EAAT currents at the only place in the brain where such measurements can be readily made in single neurons, at the climbing fiber (CF)-Purkinje cell (PC) synapse in the cerebellum (25, 26) . However, these measurements have either been indirect in that they relied on the EAAT anion current (26), or were compromised by incomplete isolation of the stoichiometric EAAT current (25) . To make a more precise estimate of neuronal glutamate uptake, we have carefully analyzed synaptic and photolysis-evoked currents recorded in PCs under various conditions. Our experiments confirm that it is possible to record the stoichiometric EAAT current in PCs. In addition, they identify a glutamate-mediated current that is resistant to standard GluR and EAAT antagonists. We show that this latter current is elicited by release of glutamate from CFs but is not an EAAT current. Isolation of the synaptic EAAT current from this contaminating current suggests that, near physiological temperatures, PC EAATs bind 1.32 Ϯ 0.10 ϫ 10 6 glutamate molecules after CF activity. Given assumptions about glutamate release at this synapse, we estimate that 16.9 Ϯ 1.3% of the total glutamate released by CFs is removed by postsynaptic EAATs.
Methods
Brain Slice Preparation. Experiments were performed on PCs in 300-m parasagittal slices of cerebellum from 13-to 17-day-old Sprague-Dawley rats according to institutional guidelines. Animals were anesthetized with halothane and decapitated. The cerebellum was removed and glued to an agar support fixed onto the specimen holder of a vibrating blade microtome (VT1000S, Leica Microsystems). Sections of the vermis were made in ice-cold artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl, 26 mM NaHCO 3 , 11 mM D-glucose, 2.5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgCl 2 , and 1 mM NaH 2 PO 4 . Slices were first incubated at 35 Ϯ 1°C for 30 min and subsequently stored at 23 Ϯ 1°C in ACSF saturated with 95% O 2 and 5% CO 2 . PC recordings. Cerebellar slices were visualized at ϫ40 through a water immersion objective using an upright microscope equipped with infrared differential interference contrast microscopy enhancement (Axioskop 2FS Plus, Carl Zeiss). Whole-cell recordings of PCs held at Ϫ70 mV, unless otherwise indicated, were made by using an Axopatch 1D amplifier (Axon Instruments). Recording pipettes were 1.2-1.6 M⍀ and series resistances were typically Ͻ10 M⍀. All recordings were filtered at 2 kHz and digitized at 10 kHz (synaptic stimulation) or 5 kHz (photolysis experiments). For synaptic experiments, all-or-none responses exhibiting paired pulse depression were activated with an ISO-Flex stimulator (A.M.P.I., Jerusalem) at 0.05 Hz by applying constant current or voltage steps (10-100 A or 5-30 V͞40-100 s) with a bipolar theta pipette placed in the granule cell layer near the recorded neuron. CF stimulation was adjusted to maximize synaptic delay and minimize stimulus artifact. Photolysis-evoked responses were elicited at 0.0167 Hz by uncaging of 500 M ␥-(CNB-caged)-L-glutamic acid (Molecular Probes) dissolved in 5 ml of recirculating bath solution. Transient (50-ms) UV illumination from a 100 W mercury arc lamp (Carl Zeiss) was provided via the epifluorescence pathway. Timing of the light stimulus was controlled by an electronic shutter (Uniblitz).
Data Acquisition and Analysis. Data were acquired and analyzed by using PCLAMP 8.2 (Axon Instruments) and IGOR PRO 4.0 (Wavemetrics). Traces were filtered at 1 kHz for display. Single exponentials were fit by using CLAMPFIT 9.0 (Axon Instruments); all fits were constrained to decay to a final value of 0. Statistical significance was determined with one-way ANOVA. Reported results represent mean Ϯ SEM.
There is some concern that blocking glutamate uptake may significantly slow residual non-EAAT excitatory postsynaptic currents (EPSCs) and thereby compromise the digital subtractions presented in Fig. 5 . To determine whether such distortion occurs and to set an appropriate time window for integration, we applied the following procedures. Each subtracted trace (e.g., Fig. 5 C and F) was integrated for different time periods (30 ms, 60 ms, 90 ms, and 120 ms) starting at a time point (Ͻ1 ms) after the stimulus artifact had settled. For each trace we compared ratios of these integrals in the form Q 60ms ͞Q 30ms, Q 90ms ͞Q 60ms , Q 120ms ͞Q 90ms to assess the optimal integration window required to recover all charge. Average ratios from this procedure from synaptic experiments using the Cs ϩ -based pipette solution at 23 Ϯ 1°C were: Q 60ms ͞Q 30ms ϭ 1.10 Ϯ 0.05 (n ϭ 5); Q 90ms ͞Q 60ms ϭ 1.03 Ϯ 0.03 (n ϭ 5); Q 120ms ͞Q 90ms ϭ 1.10 Ϯ 0.09 (n ϭ 5). Ratios from synaptic experiments using the Cs ϩ -based pipette solution at 33 Ϯ 1°C were: Q 60ms ͞Q 30ms ϭ 1.21 Ϯ 0.07 (n ϭ 15); Q 90ms ͞Q 60ms ϭ 1.14 Ϯ 0.05 (n ϭ 15); Q 120ms ͞Q 90ms ϭ 1.02 Ϯ 0.03 (n ϭ 15). Ratios from synaptic experiments using the K ϩ -based pipette solution at 33 Ϯ 1°C were: Q 60ms ͞Q 30ms ϭ 1.19 Ϯ 0.02 (n ϭ 6); Q 90ms ͞Q 60ms ϭ 1.11 Ϯ 0.02 (n ϭ 6); Q 120ms ͞Q 90ms ϭ 1.05 Ϯ 0.01 (n ϭ 6). If an outward current caused by the slowed decay of residual EPSCs systematically appeared in the later phase of subtracted traces, the ratio would drop below a value of 1. The finding that these values do not fall below 1.0 in any of the intervals examined confirms that charge was not systematically lost at late times in the decay phase of subtracted responses. On the basis of these results, we chose an integration window of 90 ms for all data presented in Fig. 5 and Table 1 .
Results

A CF-Evoked Synaptic Current Persists in the Presence of GluR and
EAAT Antagonists. CF-evoked synaptic currents are dominated by a large AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor-mediated current (27) , although much smaller components can be attributed to group I metabotropic GluRs (mGluRs) (28) and EAATs (4, 28 -30) . To record CF-evoked stoichiometric EAAT currents, we chose to examine synaptic responses in PCs filled with a pipette solution and recorded at a holding potential expected to minimize the EAAT anion current (see Methods and ref. 19 ). Experiments commenced in extracellular solution containing a saturating concentration (100 M) of the ␥-aminobutyric acid type A (GABA A ), receptor antagonist picrotoxin and a low concentration (80 nM) of the non-N-methyl-D-aspartic acid (NMDA) receptor antagonist NBQX (Fig. 1A) . After identifying a CF input, GluRs were inhibited by a mixture of GluR antagonists consisting of 20 M NBQX, 25 M GYKI 52466, 100 M LY 367385, and 5 M CPP (Fig. 1 A) . In the presence of these high concentrations of GluR antagonists, small (Ϫ39.8 Ϯ 2.4 pA at 23 Ϯ 1°C, n ϭ 5; Ϫ57.8 Ϯ 5.1 pA at 33 Ϯ 1°C, n ϭ 15), all-or-none EPSCs were elicited by CF stimulation (Fig. 1B, thick trace) . Similar to previous results (25, 28) , addition of the high-affinity nontransported EAAT antagonist TBOA (100 M) caused incomplete inhibition of the response by 43.9 Ϯ 6.8% at 23 Ϯ 1°C (n ϭ 5) and by 47.2 Ϯ 3.4% at 33 Ϯ 1°C (n ϭ 15) to an average of -22.2 Ϯ 2.7 pA at 23 Ϯ 1°C (n ϭ 5) and -31.0 Ϯ 3.5 pA at 33 Ϯ 1°C (n ϭ 15) (Fig.  1B, thin trace) . These data are summarized in Table 1 . The remaining current could arise from an incomplete blockade of EAATs by TBOA. However, such GluR and EAAT antagonist-resistant currents (hereafter referred to as ''residual EPSCs'') were significantly outward at ϩ35 mV (Fig. 1C) and exhibited linear I-V relationships with reversal potentials near 0 mV (Fig. 1D ), properties inconsistent with EAAT currents.
Photolysis of Caged Glutamate also Elicits a Residual Current in PCs.
The data presented above cannot rule out the possibility that residual EPSCs arise from the release by the CF of a neurotransmitter other than glutamate. This issue was examined by characterizing currents elicited upon photolysis of caged glutamate. As previously described, photolysis of caged glutamate generated inward currents in PCs that were mediated in part by AMPA receptors ( Fig. 2A) and by mGluRs (31) . As was the case for CF EPSCs, a mixture of GluR antagonists (20 M NBQX, 25 M GYKI 52466, 500 M LY 367385, 5 M CPP) incompletely inhibited photolysis-evoked currents (Fig. 2 A) . The inward current that persisted in GluR antagonists (Fig. 2B , thick trace) was only partially blocked by 100 M TBOA (Fig. 2B , thin trace). These residual currents reversed near 0 mV and were prominently outward at ϩ35 mV (Fig. 2C) , exhibiting I-V relationships (Fig. 2D ) similar to those observed for residual EPSCs. These results are consistent with the hypothesis that residual EPSCs and residual photolysis-evoked currents are caused by a glutamate-activated conductance with nonselective permeability to cations.
Intracellular Na ؉ Substitution Does Not Inhibit the Photolysis-Evoked
Residual Current. EAATs derive energy from the Na ϩ and K ϩ electrochemical gradients through the cotransport of 3 Na ϩ and countertransport of 1 K ϩ (21, 22). For this reason, disrupting the Na ϩ gradient impairs glutamate transport (32) and alters EAAT currents (17) (18) (19) . We took advantage of this Na ϩ dependence to further confirm that the photolysis-evoked residual current is not an EAAT current. PCs were dialyzed with a Na ϩ -based internal solution, and photolysis-evoked currents were recorded in the presence of GluR antagonists (20 M NBQX, 25 M GYKI 52466, 500 M LY 367385, 5 M CPP) and 100 M TBOA. Analysis was confined to times Ͼ20 min after breakthrough into whole-cell mode to allow for maximal Na ϩ dialysis. Residual responses persisted even under these conditions (Fig. 3A) . Moreover, their I-V relationship (Fig. 3B) was indistinguishable from that of residual currents recorded with a Cs ϩ -based internal solution (Fig. 2D) . Thus, even in the face of manipulations expected to severely impair EAAT function, namely pharmacological blockade of EAATs and removal of the electrochemical driving force for transport, a residual current remained. These features strongly imply that this current is not an EAAT current.
The Photolysis-Evoked Residual Current Shows Minimal Anion Permeability. All EAATs are known to generate uncoupled anion f luxes that can be quite large when highly permeable anions such as NO 3 Ϫ are present on either side of the membrane (16 -19, 23, 25, 26, 33) . With this common feature of EAATs in mind, photolysis-evoked responses were examined in a NaNO 3 -based external solution, a condition expected to enhance the EAAT anion current and to shift the reversal potential of the EAAT current in the negative direction. As expected in the absence of EAAT antagonists, a prominent anion current component characteristic of glutamate transport was evident upon glutamate photolysis in GluR antagonists (20 M NBQX, 25 M GYKI 52466, 500 M LY 367385, 5 M CPP) (Fig. 4A) . Inhibiting EAATs with 100 M TBOA caused a large positive shift in the reversal potential of the photolysisevoked response in NaNO 3 (Fig. 4D ), revealing a current (Fig.   4 B and C) indistinguishable from the residual current described previously (Fig. 2C) . These results confirm that the large EAATassociated anion current detected in PCs is blocked by TBOA, leaving the residual response. The apparent lack of anion permeability of the residual current is further evidence that these responses do not arise from the activity of EAATs.
Measuring Neuronal Glutamate Uptake. The findings described above identify at least two components of glutamate-evoked current that persist in high concentrations of GluR antagonists. The first is an EAAT current that is blocked by TBOA. The second has several properties that are inconsistent with glutamate transport: it persists in TBOA, persists in a symmetrical Na ϩ gradient, and shows very low anion permeability. Indeed, recent evidence suggests that this current is a glutamate-gated, mixed-cation current (30) . Because of the small size of the stoichiometric EAAT current compared to this residual cation current, integration of CF EPSCs recorded in high concentrations of GluR antagonists will significantly overestimate postsynaptic uptake. Therefore, under various experimental conditions discussed below, we used a subtractive procedure to first isolate and then integrate only the TBOA-sensitive component, procedures outlined in Fig. 5 and summarized in Table 1 .
The first sets of experiments were made with Cs ϩ -based pipette solutions. CF inputs were identified under conditions where non-N-methyl-D-aspartic acid (NMDA) receptors were partially inhibited (Fig. 5A) . Average responses were then recorded, first after applying high concentrations of GluR antagonists (20 M NBQX, 25 M GYKI 52466, 100 M LY 367385, 5 M CPP) (Fig. 5B, thick trace) , and second after addition of 100 M TBOA (Fig. 5B, thin trace) . Digital subtraction of the latter current trace from the response recorded before TBOA application yields a trace representing the stoichiometric EAAT current (Fig. 5C ). This response was integrated within a 90-ms window immediately after current onset (see Methods). Applied to 5 CF inputs at room temperature and 15 CF inputs at near physiological temperature, this strategy uncovered an average TBOA-sensitive charge of Ϫ317.4 Ϯ 70.8 fC at 23 Ϯ 1°C (n ϭ 5) and Ϫ336.7 Ϯ 47.2 fC at 33 Ϯ 1°C (n ϭ 15). As expected, EAAT currents recorded near physiological temperature were significantly faster to rise and decay compared to measurements made at room temperature (Table 1) , ref lecting the more rapid turnover of transporters at elevated temperature.
Results published while this paper was being reviewed reported that the residual EPSC is generated by GluRs with a low affinity for NBQX (30) . This work also suggests that TBOA may depress glutamate release from CFs because of accumulated glutamate that activates presynaptic mGluRs. To address these concerns and also obtain a more physiologically accurate measure of glutamate transport, we used the subtractive strategy described above but instead recorded CF responses at 33 Ϯ 1°C with a K ϩ -based pipette solution in the presence of a group II͞III mGluR antagonist (100 M CPPG) and higher concentrations of AMPA͞kainate receptor antagonists (100 M NBQX). A higher concentration of TBOA (200 M) was also used to isolate the transporter current. Table 1 compares the results obtained under these conditions with those described earlier. These manipulations revealed significantly smaller residual EPSCs (Fig. 5 D-F and Table 1 ) and a TBOA-sensitive charge of Ϫ423.4 Ϯ 32.9 fC (n ϭ 6), which was slightly larger but not significantly different from measurements made by using Cs ϩ -based solutions and lower concentrations of GluR and EAAT antagonists in the absence of CPPG. Assuming an inward f low of ϩ2e per transport cycle (21, 22), the net charge movements measured in this latter condition correspond to 1.32 Ϯ 0.10 ϫ 10 6 (n ϭ 6) glutamate molecules transported into the postsynaptic PC after CF activation at 33 Ϯ 1°C.
Discussion
In mature rats, each CF provides an exceptionally strong synaptic input onto a few PCs in the cerebellum (34, 35) . Glutamate released at this synapse rapidly elicits a large non-N-methyl-Daspartic acid (NMDA) receptor-mediated EPSC that is strongly inhibited by ionotropic GluR antagonists. Under conditions where the EAAT anion conductance is minimized, GluR antagonists block a fraction (Ϸ50-70%) of this CF-evoked EPSC (28, 29) . Despite the incomplete inhibition, the current remaining in GluR antagonists has been interpreted to be a synaptically evoked stoichiometric EAAT current, and this response was used to estimate the amount and time course of postsynaptic glutamate uptake (25) .
We have carefully examined currents that persist in GluR antagonists in response to either CF synaptic stimulation or photolysis of caged glutamate and find two components. One is TBOA sensitive and is presumably a stoichiometric EAAT current. The other component, termed ''residual current,'' has several features inconsistent with glutamate transport. First, we have confirmed that the residual current is not blocked by high concentrations of TBOA, a competitive antagonist for EAAC1 and EAAT4 (36, 37) , the two EAATs expressed by PCs (12, 14, 24, 38) . Second, I-V analysis of the residual synaptic and photolysis-evoked currents shows that they uniformly reverse polarity at potentials near 0 mV, which would not be expected of stoichiometric EAAT currents or of responses consisting of mixed stoichiometric and anion currents. Third, the residual current is unaffected by imposing a symmetrical Na ϩ gradient, a condition that would drastically alter the activity of any Na ϩ -dependent transporter (18, 19) . Fourth, although the I-V relationship of photolysis-evoked EAAT currents shows a clear shift when the anion gradient is altered, the I-V relationship of the residual current is unchanged. Taken together, these data strongly argue that the TBOA-insensitive residual current is not an EAAT current. Rather, on the basis of its glutamate dependence, kinetics and reversal potential, the residual current is most likely mediated by ionotropic GluRs. Indeed, recently published results suggest that this current arises from a low-affinity kainate receptor comprised of GluR5 subunits (30) . Complete characterization of this component of the CF EPSC will depend on pharmacological agents effective at GluRs containing different AMPA or kainate receptor subunits.
Because the residual current is not an EAAT current, integrating the synaptic current that remains in GluR antagonists significantly overestimates PC glutamate uptake and may yield an inaccurate picture of EAAT activation kinetics at synapses. A more accurate measurement of transport can be made if only the TBOA-sensitive synaptic component is integrated. Applying this strategy to responses recorded near physiological temperature suggests that neuronal EAATs in PCs transport 1.32 Ϯ 0.10 ϫ 10 6 glutamate molecules in response to synaptic stimulation. To calculate the fraction of glutamate transported into the postsynaptic neuron from this value, it is necessary to estimate the amount of glutamate released. CFs are believed to release 2.5-4 vesicles (4) containing 4,700 Ϯ 150 transmitter molecules (39) from 510 Ϯ 50 functional release sites (40) . Combining these assumptions (510 sites releasing 3.25 vesicles containing 4,700 glutamate molecules) with our average estimate of uptake recorded with a K ϩ -based pipette solution implies that EAATs on a PC remove Ϸ16.9 Ϯ 1.3% of the total glutamate released in response to a single CF action potential. To our knowledge, this estimate represents the first measurement of pure stoichiometric transporter currents at a synapse.
Postsynaptic glutamate uptake at the CF synapse could serve several purposes. Strategic clearance could isolate patches of postsynaptic receptors opposed to CF boutons in the face of prominent multivesicular release (4). In addition, this mechanism may limit activation of the mGluRs present at CF synapses (28, 29) . Although the absolute magnitude of postsynaptic uptake is small, the privileged localization of these uptake sites makes it difficult to generalize about their influence on glutamate concentrations, especially when considering small spatial scales. Ultimately, simulations of glutamate diffusion that incorporate GluR-binding sites and EAATs into realistic spaces will be required to address these issues.
We thank members of the Otis laboratory for helpful discussions. This work was supported by National Institutes of Health Grant NS040499. E) from the response in GluR antagonists (thick trace in E) yields the TBOA-sensitive component that represents a stoichiometric EAAT current under these recording conditions. Glutamate uptake can then be estimated under the two conditions tested by integrating the subtracted trace during a 90-ms time interval commencing at the vertical dashed line in C and F and then calculating the corresponding number of glutamates transported based on two elementary charges per cycle of transport.
